Previous studies have demonstrated increased oxidative damage to proteins and increased lipid peroxidation products in the plasma of hypoxic newborns at birth. We tested the hypothesis that hypoxic preterm newborns are at increased risk for oxidative stress in the first week of life. Heparinized blood samples of 34 hypoxic and 15 control preterm newborns were obtained at birth from the umbilical vein immediately after delivery and from a peripheral vein on postnatal d 7. Plasma levels of hypoxanthine, total hydroperoxide (TH), and advanced oxidation protein products (AOPP) were measured in cord blood and blood drawn on d 7. Hypoxanthine, TH, and AOPP levels were significantly higher in cord and d 7 blood samples of hypoxic newborn than control infants. Statistically significant correlations were observed between AOPP and hypoxanthine and between AOPP and TH plasma levels on d 7. AOPP and TH plasma levels significantly increased from cord to d 7 blood in neonates without hypoxia. These findings show that the oxidative stress observed in cord blood of hypoxic preterm newborns is still higher than control infants on d 7. The significant increase in TH and AOPP levels in nonhypoxic preterm newborns at the end of the first postnatal week indicates that damage caused by free radicals also occurs in nonhypoxic babies with normal clinical course. In summary, TH and AOPP production is prolonged for several days after birth in hypoxic preterm babies. The risk of free radical damage is lower but still exists in preterm neonates with normal clinical course. Perinatal hypoxic-ischemic injury is an important cause of neonatal morbidity. Numerous experimental studies have demonstrated FR production and oxidative damage caused by hypoxia in fetal life (1-3). Although the clinical consequences of hypoxia are readily observed, the specific biochemical processes preceding the onset of FR damage are not well understood. Oxidative stress exists and tissue damage is possible when there are low levels of antioxidants or increased FR activity (4). Newborns and particularly preterm infants are at high risk for oxidative stress and are very susceptible to oxidative damage by FR (5). Indeed, there is evidence of an imbalance between antioxidant and oxidant-generating systems, which causes oxidative damage (6). Birth is an oxidative challenge for the newborn. The sharp postnatal transition from the relatively low oxygen intrauterine environment to the significantly higher oxygen extrauterine environment exposes the newborn to FR. The increase in FR generation is exacerbated by the low efficiency of natural antioxidant systems in the newborn, especially if preterm, predisposing it to oxidative damage (7). High FR generation and protein oxidation products have been detected in the plasma of preterm hypoxic newborns at birth (8). Sick preterm newborns may be particularly exposed to FR in the first postnatal week because of frequent intensive care, involving oxygen supply, assisted ventilation, surfactant administration, and total parenteral nutrition, which may enhance and prolong oxidative stress by increasing oxygen delivery to the tissues. The present paper tests the hypothesis that the high risk of FR injury of preterm newborns at birth persists during the first postnatal week.
Previous studies have demonstrated increased oxidative damage to proteins and increased lipid peroxidation products in the plasma of hypoxic newborns at birth. We tested the hypothesis that hypoxic preterm newborns are at increased risk for oxidative stress in the first week of life. Heparinized blood samples of 34 hypoxic and 15 control preterm newborns were obtained at birth from the umbilical vein immediately after delivery and from a peripheral vein on postnatal d 7. Plasma levels of hypoxanthine, total hydroperoxide (TH), and advanced oxidation protein products (AOPP) were measured in cord blood and blood drawn on d 7. Hypoxanthine, TH, and AOPP levels were significantly higher in cord and d 7 blood samples of hypoxic newborn than control infants. Statistically significant correlations were observed between AOPP and hypoxanthine and between AOPP and TH plasma levels on d 7. AOPP and TH plasma levels significantly increased from cord to d 7 blood in neonates without hypoxia. These findings show that the oxidative stress observed in cord blood of hypoxic preterm newborns is still higher than control infants on d 7. The significant increase in TH and AOPP levels in nonhypoxic preterm newborns at the end of the first postnatal week indicates that damage caused by free radicals also occurs in nonhypoxic babies with normal clinical course. In summary, TH and AOPP production is prolonged for several days after birth in hypoxic preterm babies. The risk of free radical damage is lower but still exists in preterm neonates with normal clinical course. Perinatal hypoxic-ischemic injury is an important cause of neonatal morbidity. Numerous experimental studies have demonstrated FR production and oxidative damage caused by hypoxia in fetal life (1) (2) (3) . Although the clinical consequences of hypoxia are readily observed, the specific biochemical processes preceding the onset of FR damage are not well understood. Oxidative stress exists and tissue damage is possible when there are low levels of antioxidants or increased FR activity (4). Newborns and particularly preterm infants are at high risk for oxidative stress and are very susceptible to oxidative damage by FR (5) . Indeed, there is evidence of an imbalance between antioxidant and oxidant-generating systems, which causes oxidative damage (6) . Birth is an oxidative challenge for the newborn. The sharp postnatal transition from the relatively low oxygen intrauterine environment to the significantly higher oxygen extrauterine environment exposes the newborn to FR. The increase in FR generation is exacerbated by the low efficiency of natural antioxidant systems in the newborn, especially if preterm, predisposing it to oxidative damage (7). High FR generation and protein oxidation products have been detected in the plasma of preterm hypoxic newborns at birth (8) . Sick preterm newborns may be particularly exposed to FR in the first postnatal week because of frequent intensive care, involving oxygen supply, assisted ventilation, surfactant administration, and total parenteral nutrition, which may enhance and prolong oxidative stress by increasing oxygen delivery to the tissues. The present paper tests the hypothesis that the high risk of FR injury of preterm newborns at birth persists during the first postnatal week.
METHODS

Patients.
Forty-nine preterm babies of gestational age 26 -36 wk (for more details, see Table 1 ), admitted consecutively to the Neonatology Division, University Hospital of Siena, were enrolled in the study. All babies with congenital malformations, inborn errors of metabolism, blood group incompatibility, sepsis, diabetic mothers, or multiple gestation and those not born in the clinic were excluded. Thirty-four of the 49 newborns were regarded as hypoxic if they fulfilled at least two of the following criteria: pH Յ 7.20 in umbilical vein, Apgar score Յ 6 at 5 min, and fraction of inspired oxygen Ն 0.4 needed to achieve oxygen saturation Ն 86% at birth. These criteria, less severe than those established by the American College of Obstetricians and Gynecologists to define newborns with birth asphyxia (9), were chosen, as in previous papers of ours (8, 10, 11) , to evaluate all hypoxic babies, even those with mild hypoxia. Ten of 34 hypoxic babies were reanalyzed separately to verify whether stricter criteria of hypoxia (pH Ͻ 7.15 in umbilical vein, Apgar score Ͻ 5 at 5 min) changed our results. Fifteen babies, without signs of perinatal hypoxia and with normal clinical course, were used as control subjects.
Heparinized blood samples were obtained from the umbilical vein after cord clamping immediately after delivery and from a peripheral vein on d 7. The study was approved by the Human Ethics Committee of the Medical Faculty, University of Siena. Informed written parental consent was obtained before enrollment of each infant.
Methods. Blood was immediately centrifuged, and all analyses (Hx, AOPP, and TH) were performed in plasma within 2 h of blood sampling to avoid the effects of storage. After centrifuging, the plasma and buffy coat were removed. Hx levels were evaluated by HPLC, using a Varian Vista 5500 highperformance liquid chromatograph equipped with a variablewavelength UV detector (model 4290, Varian, Palo Alto, CA, U.S.A.). A ready-to-use prepacked Supelcosil LC-18 column by Supelco (250 ϫ 4.6 mm internal diameter, 5 m), with precolumn (20 ϫ 4.6 mm internal diameter) filled with the same packing (Supelguard, Supelco, St. Louis, MO, U.S.A.), completed the analytical system. The mobile phase gradient used was T 0', (A ϭ 100%; B ϭ 0%); T10', (A ϭ 90%; B ϭ 10%); T 20', (A ϭ 80%; B ϭ 20%); and T 30', (A ϭ 100%; B ϭ 0%), with A ϭ 10 Ϫ2 M potassium phosphate buffer at pH 5.5 and B ϭ methanol. The next sample was injected 10 min later. The flow rate was 1 mL/min, and the wavelength 220 nm. AOPP were measured as described by Witko-Sarsat et al. (12) using spectrophotometry on a microplate reader. AOPP concentrations were expressed as micromolar chloramine-T equivalents. TH production was measured with a d-ROMs Kit by Diacron Srl, Grosseto, Italy, as previously described (8) .
The data, expressed as mean Ϯ SD and median, were analyzed for statistically significant differences by the nonparametric test for two independent or related samples (MannWhitney U and Wilcoxon tests) and by linear correlation, using SPSS release 6.0 statistical package (Dynamic Microsystems Inc., Silver Springs, MD, U.S.A.).
RESULTS
Hx, TH, and AOPP data at birth were similar to those previously reported (8) . Hx, TH, and AOPP plasma levels were significantly higher in hypoxic newborns than in control infants at birth and on d 7 (Table 2) . TH and AOPP also increased from birth to d 7 in neonates without perinatal hypoxia (Table  2) .
Similar results, but more statistically significant, were found in 10 of 34 hypoxic babies meeting stricter criteria of hypoxia with respect to nonhypoxic babies, both at birth [Hx, 7. (Fig. 1) , TH and Hx (Fig. 2) , and AOPP and TH (Fig. 3 ) on d 7. * Criteria for perinatal hypoxia consisted of the following: pH Յ7.20 in umbilical vein, Apgar score Յ6 at 5 min, and fraction of inspired oxygen Ն0.4 needed to achieve oxygen saturation Ն86% at birth. Hypoxic babies were intubated when they were apneic and the heart rate was Ͻ100 bpm despite 15 to 30 s of assisted ventilation.
† Values are mean Ϯ SD; range in parentheses.
POSTNATAL OXIDATIVE STRESS
DISCUSSION
Birth is an oxidative challenge for the newborn. The fetal to neonatal transition exposes the newborn to a much more oxygen-rich world than the intrauterine environment (7). The relatively high oxygen concentrations after birth could be toxic to fetal tissues. A potential mechanism of toxicity and pathophysiologic cell alterations is believed to be mediated by increased production of FR (13) . FR may be generated by various mechanisms, such as hypoxia, ischemia-reperfusion, hyperoxia, neutrophil and macrophage activation, mitochondrial dysfunction, Fenton chemistry, endothelial cell damage, FFA, and prostaglandin metabolism (14 -17) . FR and their products, lipid and protein peroxides, are thought to be among the major causes of cell membrane destruction and cell damage. Cells normally respond to oxidative stress by up-regulating antioxidant defenses and other protective systems, but overproduction of FR damages proteins, lipids, and DNA and leads to cell transformation or cell death by apoptotic or necrotic mechanisms (18) .
Newborns and particularly preterm infants are at high risk for FR damage. In these subjects, there is evidence of an imbalance between antioxidant and oxidant-generating systems, which causes oxidative damage (6) . Neonatal plasma has an antioxidant profile with low glutathione peroxidase, superoxide dismutase, ␤-carotene, riboflavin, ␣-proteinase, vitamin E, selenium, copper, zinc, ceruloplasmin, transferrin, and other plasma factors (19, 20) .
Increased production of FR is a feature of most, if not all, neonatal disease (21) . Hypoxia is one of the main factors inducing FR generation in the perinatal period. During hypoxia the cutback in oxidative phosphorylation rapidly diminishes reserves of high-energy phosphates, and high levels of adenosine and hypoxanthine accumulate in a few minutes (14, 22) . ATP degradation products are the substrate for the xanthine oxidase reaction, leading to enhanced FR production in the reperfusion phase (23) . Other biochemical events capable of inducing FR during hypoxia are reduction of electron transport chain components that undergo autooxidation, increased release of free iron from ferritin under conditions of decreased cellular high-energy compounds, and excessive accumulation of intracellular Ca 2ϩ (18, 24, 25) . We previously found higher Hx, xanthine, and uric acid in hypoxic newborn infants than in control infants at birth (8) . Increased production of ATP degradation products was associated with higher TH and AOPP levels. The more severe the hypoxia, the greater the lipid and protein damage by FR. Additional pathways can contribute to expose preterm newborns to FR damage in the postnatal period. In the first week of life, preterm babies are at high risk for oxidative stress because of postnatal environmental oxygen concentrations, which are higher than those of the intrauterine environment, therapeutic use of oxygen, and elevated non-protein-bound iron concentrations in red blood cells and plasma (10, 26, 27) . Activation of polymorphonuclear leukocytes, often associated with preterm labor and delivery, can be harmful because activated neutrophils produce a flood of FR (28) . FR of any origin cause oxidative stress, which can be detected in plasma in postnatal life. The present study shows higher cord blood Hx, TH, and AOPP concentrations in hypoxic than in nonhypoxic preterm newborns as we previously observed (8) . Higher Hx, TH, and AOPP plasma levels were also found on d 7 in the hypoxic group than in nonhypoxic control infants. These data strongly suggest that the oxidative stress observed in cord blood of hypoxic preterm newborns remains higher than in control infants at least until d 7. TH and AOPP are also increased significantly in the first week of life in nonhypoxic preterm newborns. This increased generation in protein and lipid peroxidation products strongly suggests that oxidative stress also occurs in nonhypoxic babies with normal clinical course. The higher Hx levels in hypoxic than nonhypoxic control infants on d 7 may indicate an increase in ATP degradation products as a consequence of the low ATP levels after birth, particularly in hypoxic preterm babies with low caloric intake in the first days of life.
Positive statistically significant correlations were found between Hx and TH, Hx and AOPP, and TH and AOPP on d 7 as previously found in cord blood (8) . This finding suggests that protein oxidative damage and lipid peroxidation are interrelated and linked to breakdown of ATP.
In conclusion, although the present study was conducted with a small number of subjects, it is a first step in the evaluation of postnatal oxidative stress. In particular, it is interesting to note that the evidence of oxidative stress on d 7 of life exists not only in hypoxic but also in nonhypoxic preterm babies. This suggests that all preterm infants are at high risk for oxidative stress at birth because the extrauterine environment (PO 2 100 mm Hg) is richer in oxygen than the intrauterine environment (20 -25 mm Hg). This 4-to 5-fold increase is exacerbated by the low efficiency of natural antioxidant systems in the newborn, especially the preterm newborn. The evidence of persistent oxidative stress in postnatal life both in hypoxic and nonhypoxic preterm babies suggests that it may be a physiologic event. Therefore, resuscitation routines should be assessed more carefully than is done at present to reduce postnatal oxidative stress, using room air without adding oxygen (29) , avoiding neonatal acidosis, and limiting sepsis. These strategies aimed at reducing FR generation and oxidative stress are advisable until new reliable antioxidant therapies are found.
